Abstract Caspase-2 is critical for genotoxic stress induced apoptosis and is activated by formation of the PIDDosome, an oligomeric caspase-2 activating complex. The PIDDosome comprises three protein components, PIDD, RAIDD, and caspase-2. RAIDD contains both a death domain (DD) and a caspase recruitment domain (CARD). It acts as the bridge to recruit PIDD using the DD: DD interaction and to recruit caspase-2 via the CARD: CARD interaction. Here we report biochemical characterization and in vitro reconstitution of the core interactions in the PIDDosome. We show that RAIDD CARD and RAIDD DD interact with their binding partners, caspase-2 CARD and PIDD DD, respectively. However, full-length RAIDD fails to interact with either caspase-2 CARD or PIDD DD under a physiological buffer condition. We reveal that this lack of interaction of full-length RAIDD is not due to its tendency to aggregate under the physiological buffer condition, as decreasing full-length RAIDD aggregation using high salt or high pH is not able to promote complex formation. Instead, full-length RAIDD forms both binary and ternary complexes under a low salt condition. Successful in vitro reconstitution of the ternary complex provides a basis for further structural studies of the PIDDosome.
Introduction
The development and homeostasis of multi-cellular organisms are dependent on a delicate balance of cell proliferation and cell death [1] [2] [3] [4] . Failure to control cell death or apoptosis leads to serious diseases that threaten the existence of the organism [1, 5, 6] . Apoptosis proceeds through characteristic morphological changes that are dependent on the activities of caspases, a family of cysteine proteases that cleave specifically after aspartic acid residues [7] [8] [9] . Caspases are synthesized as single-chain zymogens and require a highly regulated process for their activation. Fully activated caspases are dimeric with two large subunits and two small subunits. Both cleavage and dimerization are important for the integrity of the caspase active sites and therefore required for caspase activation [10, 11] .
Based on their roles in apoptosis, caspases are divided into two classes, initiator caspases such as caspase-2, -8, -9, -10, and effector caspases such as caspase-3 and -7 [7] . Initiator caspases are mostly monomeric in their pro-forms and are activated and auto-processed upon induced dimerization by recruitment to oligomeric signaling complexes. In contrast, effector caspases are constitutive dimers and activated upon cleavage by initiator caspases. The well-known oligomeric signaling complexes for the activation of initiator caspases are the death-inducing signaling complex (DISC) for caspase-8 activation [12] , the apoptosome for caspase-9 activation [13] , the inflammasome for caspase-1 activation [14, 15] , and the PIDDosome for caspase-2 activation [16, 17] . Despite the important role of caspase activating complexes in apoptotic and inflammatory signaling pathways, the assembly mechanisms are not well characterized [4] .
Accumulating data have shown that caspase-2 play an important role in genotoxic stress induced apoptosis by acting upstream of mitochondria at the mitochondrial apoptotic pathway [18, 19] . PIDDosome, the caspase-2 activating complex, is composed of three proteins, p53-induced protein with a death domain (PIDD), RIP-associated Ich-1/Ced-3 homologous protein with a death domain (RAIDD) and caspase-2 [4, 16, 20] (Fig. 1a) . Interestingly, it has been reported that activation of caspase-2 can also happen in the absence of PIDDosome formation [21] . In addition, elimination of PIDD or RAIDD did not significantly influence caspase-2 activation, suggesting that alternative modes of caspase-2 activation may exist [22] . RAIDD is an adaptor protein that contains both an N-terminal caspase recruitment domain (CARD) and a C-terminal death domain (DD) [23] [24] [25] . Caspase-2 possesses an N-terminal CARD prodomain while PIDD contains a C-terminal DD [26] [27] [28] [29] . Both CARD and DD belong to the DD superfamily, which also includes the death effector domain (DED) and the pyrin domain (PYD) [4, 30] . Collectively, the DD superfamily is one of the largest and most studied domain superfamilies, which contains more than 100 protein members and is involved in both cell death and inflammation. Many of these proteins participate in formation of large molecular machineries for the activation of signaling enzymes such as caspases and kinases. The DD superfamily is characterized by a common structural fold with six anti-parallel a-helices.
While RAIDD and PIDD interact with each other via their DDs, RAIDD and caspase-2 interact with each other via their CARDs [25, 26, 31] . Full length PIDD contains 910 residues with seven leucine rich repeats (LRRs), two ZU-5 domains and a C-terminal DD (Fig. 1a) . It is often auto-processed via an intein-like mechanism into shorter fragments of 51, 48, and 37 kDa [16, 32, 33] . The cleavage sites have been mapped to S446 and S588 [32] . Cleavage at S446, which locates in between the two ZU-5 domains, generates a PIDD-N fragment of 48 kDa (residues 1-446) and a PIDD-C fragment of 51 kDa (residues 447-910). Further cleavage at S588, which locates in between the second ZU-5 domain and the C-terminal DD, generates a PIDD-CC fragment of 37 kDa (residues 589-910). Autocleavage of PIDD determines the outcome of the downstream signaling events. The initially formed PIDD-C fragment mediates the activation of NF-jB via the recruitment of RIP1 and NEMO and the subsequent formation of PIDD-CC causes caspase-2 activation and cell death [32] . Because PIDD-CC contains essentially the DD, the death-inducing PIDDosome is represented mostly by the DD: DD and the CARD: CARD interactions.
Our previous structural studies have shown that 5 PIDD DD and 7 RAIDD DD molecules cooperatively assemble into a large oligomeric structure and that the DD interaction between PIDD and RAIDD forms the core [20] . To further elucidate how RAIDD, PIDD and caspase-2 assemble into the PIDDosome, we attempted to reconstitute the core interactions in the PIDDosome in vitro. Our results revealed that although RAIDD CARD and RAIDD DD interacted with caspase-2 CARD and PIDD DD, respectively, full-length RAIDD failed to interact with either caspase-2 CARD or PIDD DD at a physiological buffer condition. We characterized the aggregation property of full-length RAIDD and showed that high salt dramatically reduced RAIDD aggregation and precipitation. However, we further showed that reducing RAIDD aggregation did not promote complex formation. Instead, a low salt condition facilitated both RAIDD binary and ternary complex formation. These studies established the basis for future structural studies on the PIDDosome.
Materials and methods

Protein expression and purification
The cDNA of full length human RAIDD (1-199) was used as a template for PCR and plasmid vector pET26b (Novagen) was used to add a hexa-histidine tag at the carboxy-terminus of RAIDD and RAIDD CARD (2-93) for affinity purification. PCR products of full length RAIDD and RAIDD CARD were digested with NdeI and XhoI (NEB) restriction enzymes and were ligated into pET26b. The cloning process for RAIDD DD (94-199) and PIDD DD (777-883) was introduced elsewhere [25] . The cDNA of mouse caspase-2 was used as a template for PCR and pGEX 4T-3 plasmid vector (Novagen) was used to add GST (glutathione S-transferase) tag at the carboxy-terminus of Caspase-2 CARD (32-121). For sub-cloning, BamHI and XhoI restriction enzymes were used.
Recombinant RAIDD CARD, RAIDD DD, and PIDD DD was expressed in E.coli BL21 (DE3) RILP and purified as previously described [25] . Full-length RAIDD and GSTtagged Caspase-2 CARD were expressed in BL21 (DE3) E. coli line. The purification process for full-length RAIDD was similar with the process used for RAIDD DD. Briefly, the expression was induced by 0.5 mM isopropylb-D-thiogalactopyranoside (IPTG) for overnight at 20°C. The bacteria were then collected, resuspended and lysed by sonication in 80 ml lysis buffer (20 mM Tris-HCl at pH 7.9, 500 mM NaCl, 10 mM imidazole, and 5 mM b-ME). The cell debris was removed by centrifugation at 16,000 rpm for 1 h at 4°C. His-tagged target was purified by affinity chromatography using Ni-NTA beads (Qiagen) and gel-filtration chromatography using S-200 (GE healthcare) pre-equilibrated with buffer containing 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DTT. GST fusion protein containing caspase-2 CARD was purified using glutathione-Sepharose 4B affinity chromatography column. To obtain a ternary complex, we co-expressed RAIDD, PIDD DD and caspase-2 CARD.
Pull-down assay Co-expression system was used to perform pull-down assay. RAIDD and RAIDD CARD in pET 26b vector were co-transformed with caspase-2 CARD in pGEX4T-3 vector separately into BL21(DE3) E.coli competent cells. Expression was induced with 0.5 mM IPTG overnight at 20°C. The cells were collected and lysed by sonication in lysis buffer (20 mM Tris buffer at pH 7.9, 500 mM NaCl, 10 mM imidazole). The lysate was then removed by centrifugation and the supernatant fractions were applied to gravity-flow column (Bio-rad) packed with Ni-NTA affinity beads (Qiagen). The unbound bacterial proteins and overexpressed caspase-2 CARD fused to GST were removed from the column using washing buffer (20 mM Tris-HCl at pH 7.9, 500 mM NaCl, 60 mM imidazole, 10% glycerol). Stable complex was detected by SDS-PAGE.
Native PAGE shift assay Protein interaction between RAIDD and PIDD DD and between RAIDD DD and PIDD DD was monitored by Native (non-denaturing) PAGE on a PhastSystem (GE Healthcare) with pre-made 8-25% acrylamide gradient gels (GE Healthcare). Separately purified proteins were pre-incubated at room temperature for 1 h before loading on the gel. Coomassie brilliant blue was used for staining and detection a shifted band.
Gel-filtration chromatography
For gel filtration analysis to detect complex formation, purified RAIDD was mixed with a molar excess of PIDD DD and applied to a gel-filtration column (Superdex 200 HR 10/30, GE healthcare) which was pre-equilibrated with a solution 20 mM Tris-HCl pH 8.0, 50 mM NaCl and 1 mM DTT. The fractions were collected and subjected to SDS-PAGE. Similar methods were used to detect ternary complex.
Solubility assay
The general strategy of solubility assay was based on the method introduced by Bondos and Bicknell [34] .
In brief, purified RAIDD from gel-filtration chromatography in 20 mM Tris-HCl, 150 mM NaCl, 1 mM DTT buffer was incubated with various different concentration of NaCl for salt dependent test, different pH for pH dependent test, different temperature for temperature dependent test and different time for time dependent test. Among around 400 ll solution of each sample, 300 ll was used for turbidity assay. Turbidity of each sample was directly measured by the optical density at 600 nm at spectrophotometer (Backman). The other 100 ll samples were used for aggregation assay. % of aggregation was detected by both SDS-PAGE and Bradford assay (Bio-Rad, Richmond, CA). For this experiment, each sample that contains RAIDD precipitants at each condition tested was centrifugated at 10,0009g at 4°C for 20 min. Precaution was taken to avoid foam formation throughout all processes. RAIDD remaining in the supernatant after centrifugation was defined as soluble RAIDD at certain condition. Decreased RAIDD by aggregate that was removed by centrifugation was detected by SDS-PAGE. All the samples are boiled 10 min at 90°C for SDS-PAGE. Coomassie brilliant blue was used for staining and detection of bands appeared on the acrylamide gels. Decreased RAIDD also quantitatively measured by calculating protein concentration.
Results
Purified RAIDD CARD and RAIDD DD interact with caspase-2 CARD and PIDD DD respectively As a first step to elucidate the molecular basis of PIDDosome assembly (Fig. 1a) , we attempted to express and purify PIDD DD, RAIDD DD, RAIDD CARD and caspase-2 CARD. While PIDD DD, RAIDD DD, and RAIDD CARD expressed well in E. coli as C-terminal His-tag fusion proteins and were purified with Ni affinity chromatography, caspase-2 CARD did not express with a C-terminal His-tag. By exchanging the affinity tag from a C-terminal His-tag to an N-terminal GST-tag, we could obtain caspase-2 CARD expression. However, unfortunately, the GST-caspase-2 CARD was not soluble.
To overcome the insolubility of the GST-tag fused caspase-2 CARD, we co-expressed the fusion protein with its binding partner RAIDD CARD in E. coli. Co-expression is often important for obtaining soluble protein complexes when the component proteins are insoluble without their binding partners [35] . Although GST-caspase-2 CARD was still detected in the insoluble fraction, most of the expressed protein was present in the soluble fraction. With this information, we performed His-tag pull-down assay with the co-expression sample. The bacterial cell pellets were resuspended, homogenized and fractionated into the soluble supernatant fraction and the insoluble fraction. The soluble supernatant fraction that contained both His-tagged RAIDD CARD and GST-fused caspase-2 CARD was incubated with Ni-NTA beads. After extensive washing, the beads were eluted using imidazole and the eluted fraction was examined using coomassie brilliant blue stained SDS-PAGE. In agreement to previous cellular experiments, Fig. 1b clearly showed that GST-fused caspase-2 CARD co-eluted with His-tagged RAIDD CARD, indicating that caspase-2 CARD interacts with RAIDD CARD in vitro.
For the interaction between His-tagged PIDD DD and RAIDD DD, we have shown previously that PIDD DD and RAIDD DD co-migrate on gel filtration chromatography as a *150 kDa complex [20] . This result was also confirmed using native PAGE (Fig. 1c) . Unbound left over PIDD DD was always detected. This maybe because of the aggregation tendency of PIDD, not all PIDD can be recruited into the RAIDD/PIDD complex.
Full-length RAIDD failed to interact with either caspase-2 CARD or PIDD DD To reconstitute the PIDDosome in vitro with purified protein components, we successfully purified full-length RAIDD in E. coli (Fig. 2a) . Since full-length RAIDD, which contains CARD and DD for homotypic interactions, expected to interact with caspase-2 CARD and PIDD DD, we tested the dimeric interactions between full-length RAIDD and caspase-2 CARD and between full-length RAIDD and PIDD DD. We used a co-expression system followed by a pull-down assay to investigate the interaction between full-length RAIDD and caspase-2 CARD. To investigate full-length RAIDD and PIDD DD interaction, we used gel-filtration chromatography. Using a coexpression system for investigating the interaction between full-length RAIDD and caspase-2 CARD is critical because GST-tagged caspase-2 CARD was insoluble when expressed alone. In contrast, the PIDD DD itself was soluble and easily purified. Based on these biochemical analyses, we found that neither caspase-2 CARD nor PIDD DD formed a complex with full-length RAIDD in a physiological buffer condition (Fig. 2b, c) .
Purified RAIDD is prone to aggregation at a physiological salt and pH condition During the purification steps, we noticed that full-length RAIDD had a tendency to precipitate, as shown by visible turbidity, after elution from the gel filtration chromatography in a standard buffer condition that we routinely use. The buffer contained 20 mM Tris-HCl pH 8.0, 150 mM NaCl, and 1 mM DTT and mimics the physiological salt and pH condition. We wondered whether the solubility of full-length RAIDD is sensitive to buffer conditions and whether this property is related to its inability to interact with PIDD DD or caspase-2 CARD.
To investigate this property of full-length RAIDD more accurately, we conducted a solubility assay introduced by Bondos and Bicknell [34] . Based on this method, protein aggregation was measured by turbidity and sedimentation, which generally give mutually confirmatory results. We first tested time-dependent aggregation of full-length RAIDD at two different temperatures, 4°C and room temperature (R.T.). Turbidity, which increases with RAIDD precipitation, was detected by optical density (OD) at 600 nM using a spectrophotometer. The degree of aggregation was assayed by centrifuging down the precipitates followed by SDS-PAGE and the Bradford assay. As expected, turbidity of the RAIDD solution markedly increased as a function of time at both temperatures (Fig. 3a) . Measurement of loss of protein concentration after centrifugation in comparison with the initial RAIDD concentration showed the same trend of aggregation (Fig. 3b) . The precipitation and aggregation of RAIDD were also affected by temperature, with 4°C producing the least amount of precipitation, 20°C producing much more severe precipitation and 37°C producing the most amount of precipitation (Fig. 3c, d ).
The solubility of RAIDD is sensitive to salt concentration Although full-length RAIDD precipitated readily in the gel filtration buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl and 1 mM DTT), we realized that RAIDD did not precipitate after several days at 4°C in the Ni-NTA elution buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 250 mM Imidazole, and 5 mM b-ME). We hypothesized that the much higher NaCl concentration in the Ni-NTA elution buffer may increase the solubility of RAIDD. To evaluate this hypothesis, we tested the effect of NaCl concentration on the aggregation property of RAIDD. Increase of NaCl concentration gave a steady decrease in RAIDD aggregation as shown by both the OD600 assay and the centrifugation assay (Fig. 4a, b) . Since high concentrations of NaCl are required to prevent RAIDD aggregation, we examined whether NaCl could also solubilize pre-precipitated RAIDD aggregates. Our data clearly showed that 1.5 M of NaCl completely dissolved the aggregate, suggesting that the aggregation process of RAIDD is reversible (Fig. 4c, d ). ''Salting out'' effect was not observed at up to a concentration of 3 M NaCl.
Complex formation of full-length RAIDD and PIDD DD at low salt
The salt dependence of full-length RAIDD solubility may have several implications in its interaction with PIDD DD. One possibility is that RAIDD has to de-aggregate at higher salt to interact with PIDD DD. Another possibility is that aggregation of RAIDD at lower salt is due to the lack of binding partners and that higher salt either changes RAIDD conformation or masks surface charge patches to prevent aggregation. To test the above possibilities, we investigated whether full-length RAIDD could form a stable complex with PIDD DD by modifying salt concentration. Although full-length RAIDD and PIDD DD were both monomeric and did not form a complex in solution containing 20 mM Tris-HCl pH 8.0, 150 mM NaCl and 1 mM DTT (Fig. 2c) , when purified RAIDD and PIDD DD were incubated at R. T. for 1 h in the buffer containing 20 mM Tris-HCl pH 8.0, 50 mM NaCl and 1 mM DTT, a complex of RAIDD and PIDD DD was obtained as shown by gel filtration chromatography (Fig. 5a, b ) and native PAGE (Fig. 5c) . In contrast, a higher salt of 0.5 M did not produce a complex of RAIDD and PIDD DD (data not shown). The results suggested that the aggregation propensity of full-length RAIDD in lower salt is due to the absence of binding partners and that higher salt prevents aggregation but does not promote interaction.
To obtain the accurate molecular mass and to elucidate the stoichiometry of the full-length RAIDD and PIDD DD complex, we used static multi-angle light scattering (MALS) in line with gel filtration chromatography. The calculated molecular masses of full-length RAIDD (residue and human PIDD DD (residue 778-883) are 23.57 and 13.38 kDa, respectively. MALS measurement gave a molecular mass of 235.2 kDa (3% fitting error) for the complex (Fig. 5d) , suggesting that a 7 RAIDD: 5 PIDD DD complex was formed. The calculated molecular mass value for 7 full-length RAIDD and 5 PIDD DD is 232 kDa.
In vitro reconstitution of the core PIDDosome
To take the success of assembling the RAIDD: PIDD DD complex further, we performed ternary complex reconstitution of PIDD DD, RAIDD and caspase-2 CARD, the core interaction platform of the PIDDosome. We co-expressed RAIDD, PIDD DD and caspase-2 CARD. When the same condition of 20 mM Tris-HCl pH 8.0, 50 mM NaCl and 1 mM DTT was used for gel filtration chromatography, a peak centered at 9.5-10 ml in a Superdex 200 column was obtained (Fig. 6a) . Because the individual components would have elution peaks at around 16-18 ml, the much larger molecular complex containing all three proteins would correspond to the ternary complex of PIDD DD: RAIDD: caspase-2 CARD. The ternary complex was confirmed by Native-PAGE (Fig. 6b) .
Discussion
Structural studies for PIDDosome have been difficult. One problem is that full-length RAIDD did not readily interact with caspase-2 CARD or PIDD DD in an in vitro system at a physiological pH and salt concentration. However, purified RAIDD CARD and RAIDD DD can interact with caspase-2 CARD and PIDD DD respectively under the same conditions. Through a series of biochemical characterization studies, we found that the solubility of RAIDD and its interactions are sensitive to salt concentrations. At a high salt condition including a physiological salt concentration, RAIDD aggregates less, but could not interact with either PIDD DD or caspase-2 CARD. At an extreme low salt concentration, RAIDD tends to aggregate more but is able to interact with PIDD DD to form a binary complex and with both PIDD DD and caspase-2 CARD to form a ternary complex.
It appears that an extreme low salt likely changes the conformation of RAIDD to an open state to allow its interactions with the binding partners (Fig. 7) . The same open state also appears to be prone for aggregation. In contrast, high salt conditions likely promote a closed conformation of RAIDD that masks surface patches to prevent aggregation. It has been shown that spontaneous PIDDosome formation from endogenous protein components can be induced when cells were broken open in a hypotonic buffer condition [16] . Physiologically, it is possible that genotoxic stress also causes a conformational change in RAIDD to allow PIDDosome formation and cell death induction. In vitro, a low salt condition somehow mimics this stress to promote assembly of the PIDDosome.
Our model of conformational changes in RAIDD is reminiscent of that proposed for another adaptor protein, FADD, in the assembly of the caspase-activating complex DISC [36] . Similar to the case for RAIDD, FADD contains an N-terminal DED and a C-terminal DD. Full-length FADD failed to interact with either Fas DD or caspase-8 DED under a physiological buffer condition [36] . It appears then, that nature has evolved many regulatory elements including conformational changes to avoid accidental induction of cell death.
